In the recent studies of the unconventional physics in cuprate superconductors, one of the central issues is the interplay between charge order and superconductivity. Here the mechanism of the charge-order formation in the electron-doped cuprate superconductors is investigated based on the t-J model. The experimentally observed momentum dependence of the electron quasiparticle scattering rate is qualitatively reproduced, where the scattering rate is highly anisotropic in momentum space, and is intriguingly related to the charge-order gap. Although the scattering strength appears to be weakest at the hot spots, the scattering in the antinodal region is stronger than that in the nodal region, which leads to the original electron Fermi surface is broken up into the Fermi pockets and their coexistence with the Fermi arcs located around the nodal region. In particular, this electron Fermi surface instability drives the charge-order correlation, with the charge-order wave vector that matches well with the wave vector connecting the hot spots, as the charge-order correlation in the hole-doped counterparts. However, in a striking contrast to the hole-doped case, the chargeorder wave vector in the electron-doped side increases in magnitude with the electron doping. The theory also shows the existence of a quantitative link between the single-electron fermiology and the collective response of the electron density.
I. INTRODUCTION
The parent copper oxide compounds are half-filled Mott insulators, and then superconductivity emerges when holes or electrons are doped into these parent Mott insulators 1, 2 . This Mott insulating-state appears to be due to the strong electron correlation 3, 4 , leading to that the multiple orders compete with superconductivity. In particular, the experimental data detected from various techniques [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] including scanning tunneling microscopy (STM), resonant X-ray scattering measurement (RXS), angle-resolved photoemission spectroscopy (ARPES), and other methods have demonstrated that the doping dependence of the charge-order correlation is a generic electronic property of the copper-oxide layers which is ubiquitous to all cuprate superconductors including both the hole-and electron-doped cuprate superconductors. In this case, the microscopic origin of the charge-order formation has been hotly debated and believed to be key to the understanding of the problem of why cuprate superconductors have a high superconducting transition temperature.
The charge-order correlation is manifested itself by a periodic self-organization of the charge degrees of freedom in the system 5 . In the hole-doped cuprate superconductors, the combined STM, RXS measurement, and ARPES data showed that the charge-order correlation emergences consistently in surface and bulk, and in momentum and real space [5] [6] [7] [8] [9] [10] [11] [12] [13] . In particular, this chargeorder correlation is strongly doping dependent with the charge-order wave vector that smoothly decreases upon the increase of the hole doping 5, 6 . Moreover, the electron Fermi surface (EFS) measurements in the ARPES experiments revealed a close connection between the observed charge-order wave vector and the momentum vector connecting the tips of the Fermi arcs 5, 6, 10 , which in this case coincide with the hot spots on EFS, indicating that the hot spots on EFS play an important role in the formation of the charge-order correlation. This correspondence also shows the existence of a quantitative link between the collective response of the electron density and the single-electron fermiology 5, 6, 10 . On the electron-doped side, the magnetoresistance quantum oscillation measurements [20] [21] [22] [23] and ARPES experimental observations 24 indicated the presence of a coexistence of the Fermi arcs and Fermi pockets around the nodal region. In particular, the very recent observations showed that the charge-order correlation with the wave vector that is consistent with the separation between straight segments of EFS occurs with similar periodicity, and along the same direction [14] [15] [16] [17] [18] [19] , as the charge-order correlation in the hole-doped case [5] [6] [7] [8] [9] [10] [11] [12] [13] . Furthermore, the charge-order wave vector Q CD is reported to connect two hot spots [14] [15] [16] [17] [18] [19] , and hence the electron quasiparticles are scattered between two hot spot regions connected by the charge-order wave vector and the same electron quasiparticle scattering causes the charge ordering instability. However, in a clear contrast to the holedoped counterparts 5, 6 , the charge-order wave vector in the electron-doped side smoothly increases as a function of the electron doping 15 . These experimental results observed on both the hole-and electron-doped cuprate superconductors therefore raises questions [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] : (a) is there a common physical origin for the charge-order correlation in both the hole-and electron-doped cuprate superconductors? and (b) why there is a different doping dependence of the charge-order wave vector between the holeand electron-doped cuprate superconductors?
Notably, the mechanism of the charge-order formation in the hole-doped cuprate superconductors has been recently taken forefront of the theoretical studies, where there is a general consensus that the charge-order cor-relation is driven by the EFS instability. Several attempts have been made to make these arguments more precise [25] [26] [27] [28] [29] [30] . In our recent studies 30 , the physical origin of the charge-order correlation in the hole-doped cuprate superconductors has been discussed based on the t-J model in the charge-spin separation fermion-spin representation, where we have shown that the charge-order state is driven by the EFS instability, with a characteristic wave vector corresponding to the hot spots on EFS. In particular, we have also shown that the charge-order wave vector smoothly decreases with the increases of the hole doping, in qualitative agreement with the experimental result 5, 6 . However, a comprehensive discussion of the electron-doped counterparts has not been given. In this paper, we try to study the mechanism of the chargeorder formation in the electron-doped cuprate superconductors along with this line. We evaluate the electron self-energy in terms of the full charge-spin recombination and then employ it to calculate the electron spectral function and dynamical charge structure factor. In particular, we qualitatively reproduce the experimentally observed electron quasiparticle scattering rate along EFS 16 , where the electron quasiparticle scattering is highly anisotropic in momentum space, and opens a charge-order gap in the electron's band structure. The weakest scattering occurs exactly at the hot spots, however, the stronger scattering is found in the antinodal region than in the nodal region. This special structure of the electron quasiparticle scattering rate (then the charge-order gap) on EFS therefore leads to that only part of EFS survives as the disconnected segments around the nodal region, and then the tips of these disconnected segments assemble on the hot spots to form the Fermi pockets, generating a coexistence of the Fermi arcs and Fermi pockets. Moreover, this EFS instability drives the charge-order correlation, with the charge-order wave vector that matches well with the wave vector connecting the hot spots on EFS, in a striking similarity with the charge-order wave vector in the hole-doped counterparts, indicating a common physical origin for the charge-order correlation in both the holeand electron-doped cuprate superconductors. However, in a clear contrast to the hole-doped case, the chargeorder wave vector in the electron-doped cuprate superconductors smoothly increases with the increase of the electron doping.
The rest of this paper is organized as follows. The basic formalism is presented in Sec. II, where we generalize the calculation of the single-electron Green's function and the related electron spectrum function in the hole-doped case in Ref.
30 to the present case in the electron-doped side. Based on this electron spectral function, the doping dependence of the charge-order correlation in the electrondoped cuprate superconductors is discussed in Sec. III, where we evaluate the dynamical charge structure factor in terms of the electron spectral function, and then show that an resonance peak appears with the characteristic wave vector that is well consistent with the wave vector connected by the hot spots. Moreover, the suppression of the peak by tuning the energy away from the resonance confirms the presence of the charge-order correlation in the electron-doped cuprate superconductors. Our results therefore also shows the existence of a quantitative link between the electron quasiparticle excitations determined by the electronic structure and the chargeorder correlation determined by the collective response of the electron density. Finally, we give a summary and discussions in Sec. IV.
II. FORMALISM
To elucidate the strong electron correlation and the resulting charge ordering instability in the electron-doped cuprate superconductors, the exact knowledge of EFS and its evolution with the electron doping is of crucial importance. EFS is determined by the poles of the singleelectron Green's function,
where ε k gives the dispersion of the bare electron excitation spectrum, while Σ 1 (k, ω) is the electron self-energy, which alone captures the essential physics of the strong electron correlation, and therefore dominates the detailed properties of the electronic state 19, 31, 32 . The electron spectral function is directly related to the imaginary part of the single-electron Green's function (1) , and can be expressed explicitly as,
then the electron spectrum and the related electronic state properties can be measured in ARPES experiments 19, 31, 32 , where ImΣ 1 (k, ω) and ReΣ 1 (k, ω) are, respectively, the corresponding imaginary and real parts of the electron self-energy Σ 1 (k, ω). In particular, this imaginary part ImΣ 1 (k, ω) is also identified as the electron quasiparticle dynamical scattering rate Γ(k, ω),
It is widely accepted by now the simplest model which contains in itself the interacting spin and charge degrees of freedom is so-called t-J model on a square-lattice 3, 4 ,
where we consider the case with the hopping integrals that are t lâ = t for the nearest-neighbor (NN) sitesâ =η, t lâ = −t for the next NN sitesâ =τ , and t lâ = 0 otherwise, with t < 0 and t < 0 in the electron-doped side, C † lσ and C lσ are the electron operators that respectively create and annihilate electrons with spin σ on the site l, S l is a local spin operator, and µ is the chemical potential, while lâ means that l runs over all sites, and for each l, over its NN sitesâ =η or the next NN sitesâ =τ . Although the values of the parameters J, t, and t are believed to vary somewhat from compound to compound 19, 33 , however, as a qualitative discussion in this paper, the parameters are chosen as 19, 33 t/J = −2.5 and t /t = 0.4. In the electron-doped side, this t-J model (4) is imposed a on-site local constraint σ C † lσ C lσ ≥ 1 in order to ensure no-zero electron occupancy of any lattice site. Since the strong electron correlation in the t-J model (4) manifests itself by this no-zero electron occupancy local constraint, and therefore it is crucially important to treat this local constraint properly. Apart from the numerical approaches 34 , a popular analytical strategy to enforce the electron local constraint is the approach based on the charge-spin separation [35] [36] [37] [38] [39] [40] . In particular, a charge-spin separation fermion-spin approach has been developed for a proper treatment of no-double electron occupancy local constraint in the hole-doped case 39, 40 . To apply this fermion-spin approach to the electron-doped side, we can work in the hole representation via a particle-hole transformation C lσ → f † l−σ , and then the t-J model (4) can be rewritten in the hole representation as,
where f † lσ (f lσ ) is the hole creation (annihilation) operator, and then the local constraint of no-zero electron occupancy σ C † lσ C lσ ≥ 1 in the electron representation is therefore transferred as the local constraint of no-double occupancy σ f † lσ f lσ ≤ 1 in the hole representation. This local constraint of no-double occupancy now can be dealt properly within the framework of the fermionspin theory 39, 40 ,
, where the spinful fermion operator a lσ = e −iΦ lσ a l carries the charge of the constrained hole together with some effects of spin configuration rearrangements due to the presence of the doped electron itself (charge carrier), while the spin operator S l represents the spin degree of freedom of the constrained hole, and then the local constraint of nodouble occupancy is satisfied in the actual calculations. In this fermion-spin approach, the scattering from spins due to the charge-carrier fluctuations dominates the spin response, while the charge-spin recombination of a charge carrier and a localized spin automatically gives the electron quasiparticle character.
In the framework of the charge-spin separation fermion-spin theory, the single-hole Green's function G f (k, ω) of the t-J model (5) in the hole representation on the other hand can be obtained in terms of the chargespin recombination. Recently, we 41 have developed a full charge-spin recombination scheme to fully recombine a charge carrier and a localized spin into a constrained electron, where the obtained electron propagator can give a consistent description of EFS in the hole-doped cuprate superconductors 30 . However, a question is how we can obtain explicitly the single-electron Green's function (1) based on the t-J model (4). In the following discussions, we give only the main details in the calculations of the single-electron Green's function of the t-J model. Following the previous discussions 30, 41 , the single-hole Green's function of the t-J model (5) can be obtained in terms of the full charge-spin recombination scheme as,
where ε (f) k = −Ztγ k +Zt γ k +µ is the bare hole excitation spectrum, with γ k = (cosk x + cosk y )/2, γ k = cosk x cosk y , and the number of the NN or next NN sites on a square lattice Z, while the hole self-energy Σ (f) 1 (k, ω) due to the interaction between holes by the exchange of spin excitations can be evaluated explicitly in terms of the spin bubble as 30, 41 ,
where
k , the single-particle coherent weight Z
, and n B (ω) and n F (ω) that are the boson and fermion distribution functions, respectively. The expression form of the mean-field spin excitation spectrum ω k , and function B k have been given explicitly in Ref. 42 , while the singleparticle coherent weight Z (f) F together with the chemical potential can be determined self-consistently.
We now turn to evaluate the single-electron Green's function G(k, ω) in Eq. (1) based on the t-J model (4), which is directly related to the single-hole Green's function G f (k, ω) in Eq. (6) in terms of the particle-hole transformation as
. With the help of the above single-hole Green's function (6), the single-electron Green's function (1) of the t-J model (4) is therefore obtained as G(k, ω) = −G f (k, −ω), with the bare electron excitation spectrum and electron self-energy that are obtained as
respectively. In this case, the electron quasiparticle dynamical scattering rate Γ(k, ω) in Eq. (3) arises from the electron self-energy due to the interaction between electrons by the exchange of spin excitations. 
III. DOPING DEPENDENCE OF CHARGE ORDER
In this section, we discuss the doping dependence of the charge-order correlation, and show that the strong electron correlation in the electron-doped cuprate superconductors induces an EFS instability, which then drives the charge-order correlation. In particular, we also show that there is indeed a quantitative link between the electron quasiparticle excitations determined by the low-energy electronic structure and the charge-order correlation determined by the collective response of the electron density.
A. Electron Fermi surface reconstruction
The charge-order correlation is defined as an electronic phase breaking translational symmetry via a selforganization of the electrons into periodic structures incompatible with the periodicity of the underlying lattice 5 , such an aspect should be reflected in the electronic structure. In Fig. 1 , we plot (a) the map of the electron spectral intensity A(k, 0) in Eq. (2) and (b) the electron spectral function A(k, 0) in the [k x , k y ] plane at the electron doping δ = 0.15 with temperature T = 0.002J for parameters t/J = −2.5 and t /t = 0.4. The hot spots on EFS are marked by the black circles in Fig. 1b , where the spectral intensity exhibits a largest value. Our main results in Fig. 1 are summarized as: (A) the single continuous contour in momentum space with a uniform distribution of the low-energy spectral weight of the electron quasiparticle excitations in the case of the absence of the strong electron correlation has been split by the electron self-energy Σ 1 (k, 0) [then the strong electron correlation] into two contours k F and k BS , respectively. In particular, this low-energy spectral weight redistribution leads to an EFS reconstruction; (B) the electron spectral intensity at the contours k F and k BS are suppressed by the electron self-energy, however, this suppression is highly anisotropic, where the electron spectral intensity around the antinodal region is suppressed heavily, while the electron self-energy has a more modest effect on the electron spectral intensity around the nodal region, which leads to that the low-energy electron quasiparticles mainly reside at the disconnected segments around the nodal region; (C) however, the tips of the disconnected segments on the contours k F and k BS assemble on the hot spots to form a Fermi pocket, generating a coexistence of the Fermi arcs and Fermi pockets, with the disconnected segment around the nodal region at the contour k F that is so-called the Fermi arc, and is also defined as the front side of the Fermi pocket, while the other at the contour k BS around the nodal region is associated with the back side of the Fermi pocket. These results are similar to these observed in the hole-doped case [43] [44] [45] [46] [47] , and also are in qualitative agreement with the experimental data obtained by means of the magnetoresistance quantum oscillation [20] [21] [22] [23] and ARPES experimental measurements 24 , where the well defined Fermi pockets and their coexistence with the Fermi arcs are observed around the nodal region. In particular, it should be noted that the very recent ARPES observations show that the EFS reconstruction and related low-energy electron structure in the electron-doped cuprate superconductors is closely related with the annealing effect 16, 48 , and then the annealing and oxygen vacancy induce a sufficient change in the charge carrier density. Moreover, upon the proper annealing, the EFS reconstruction and related low-energy electron structure are very similar to these observed in the hole-doped counterparts, providing the experimental evidences of the absence of the disparity between the phase diagram of the hole-and electron-doped cuprate superconductors. The present results are also consistent with these recently experimental data 16, 48 .
B. Charge-order correlation driven by electron Fermi surface instability
The results in Fig. 1 also show that the partial spectral weight at the Fermi arc has been pushed to the back side of the Fermi pocket due to the spectral weight redistribution in the presence of the strong electron correlation, which leads to that although both the Fermi arc and back side of the Fermi pocket possess finite spectral weight, the electron quasiparticle peaks are anomalously broad at both the Fermi arc and back side of the Fermi pocket, while the very sharp electron quasiparticle peaks appear at the hot spots, where the most of the electron quasiparticles are accommodated. This is why the electron quasiparticle excitations around the hot spots contribute effectively to the electron quasiparticle scattering process 16 . In particular, the electron quasiparticle scattering wave vector between the hot spots on the straight Fermi arcs in Fig. 1a at the electron doping δ ∼ 0.15 is found to be Q HS ∼ 0.28 (hereafter we use the reciprocal units), which is well consistent with experimental average value 14-18 of the charge-order wave vector Q CD ∼ 0.27 oberved in the electron-doped cuprate superconductors around the electron doping δ ∼ 0.15, indicating that the charge-order correlation in the electron-doped cuprate superconductors is driven by the EFS instability. In particular, this behavior resembles the observations for the hole-doped case 5, 6, 10, 30 , and therefore there is a common physical origin for the charge-order correlation in both the holeand electron-doped cuprate superconductors.
As a natural consequence of the doped Mott insulators, this charge-order correlation is also doping dependent. In Fig. 2 , we plot the map of the electron spectral intensity A(k, 0) at the electron doping δ = 0.09 with T = 0.002J for t/J = −2.5 and t /t = 0.4. Comparing it with Fig. 1a for the same set of parameters except for the electron doping δ = 0.09, we therefore find that with the decrease of the electron doping, the hot spots move away from the nodal points, in a clear contrast to the hole-doped case, where the hot spots move towards to the nodal points when the hole doping is decreased 6, 30 . This unusually doping dependent hot-spot positions in the electron-doped side therefore leads to that the chargeorder wave vector increases as a function of the electron doping. To see this point more clearly, we have made a series of calculations for the electron spectral function In the case of the absence of the strong electron correlation, the overall shape of EFS obtained from the map of the electron spectral function at zero energy is a continuous contour centered at [π, π] of the Brillouin zone, where the electron quasiparticle excitation spectrum is gapless, and then the electron quasiparticle lifetime on EFS is infinitely long. However, when the strong electron correlation is contained by the electron self-energy Σ 1 (k, ω), the electron quasiparticle energies are heavily renormalized by ReΣ 1 (k, ω) and they acquire a finite lifetime τ (k, ω) = Γ −1 (k, ω). In this case, the essential physics of the EFS reconstruction and the related EFS instability driven charge order are naturally associated with the strong electron correlation. This states a fact that the locations of the continuous contours in momentum space are determined directly by the poles of the electron Green's function (1) at zero energy, while the intensity of the low-energy electron excitation spectrum at the continuous contours is inversely proportional to the electron quasiparticle scattering rate Γ(k, ω). However, as we have shown in the previous discussions for the hole-doped case 30, 47 , the electron self-energy Σ 1 (k, ω) in Eq. (7) can be also rewritten as,
where the corresponding energy spectrum ε 0k and the momentum dependence of the charge-order gap ∆ CD (k) can be obtained directly from the electron self-energy Σ 1 (k, ω) in Eq. (7) and its antisymmetric part Σ 1o (k, ω) as
, respectively. In particular, in analogy to the pseudogap effect in the holedoped case 30, 47 , this charge-order gap∆ CD (k) in the electron-doped side can be also identified as being a region of the electron self-energy effect in which the chargeorder gap∆ CD (k) suppresses the electron spectral intensity. Moreover, the dynamical electron quasiparticle scattering rate Γ(k, ω) can be expressed explicitly in terms of the charge-order gap∆ CD (k) as,
which therefore can be obtained from the width of the electron quasiparticle peaks in the ARPES experiments 16 , and is intimately related to the chargeorder gap∆ CD (k) in the electron-doped cuprate superconductors. On the other hand, Eq. (9) also shows that the product of the charge-order gap [∆ CD (k)]
2 and the delta function δ(ω + ε 0k ) has the same momentum dependence and plays the same role in the suppression of the electron spectral weight as that of the electron quasiparticle scattering rate Γ(k, ω). According to the electron self-energy Σ 1 (k, ω) in Eq. (8), the single-electron Green's function in Eq. (1) can be rewritten as,
where k (the sum rule). As a natural consequence of the presence of the charge-order gap, the electron energy band has been split into the antibonding band E
and bonding band E
, respectively. This band splitting induced by the charge-order gap therefore leads to form two contours k F and k BS in momentum space shown in Fig. 1 .
From the above expression of the single-electron Green's function (10), now we find that in analogy to the hole-doped case 47 , the first contour k F in Fig. 1a is determined by the poles of the first term of the righthand side of the single-electron Green's function (10) at zero energy, where the electron antibonding dispersion E + k along k F is equal to zero, while the second contour k BS in Fig. 1a is determined by the poles of the second term of the right-hand side of the singleelectron Green's function (10) at zero energy, where the electron bonding dispersion E − k along k BS is equal to zero. Since the electron self-energy Σ 1 (k, ω) originates in the electron's coupling to spin excitations, the chargeorder gap∆ CD (k) is strong dependence of momentum. To reveal this highly anisotropic∆ CD (k) in momentum space clearly, we plot (a) the map of the intensity of the static electron quasiparticle scattering rate (or so-called the electron quasiparticle elastic-scattering rate) Γ(k, 0) and (b) the angular dependence of Γ(k F , 0) along EFS from the antinode to the node at the electron doping δ = 0.15 with T = 0.002J for t/J = −2.5 and t /t = 0.4 in Fig. 4 . For comparison, the corresponding ARPES experimental result of the electron quasiparticle elasticscattering rate along EFS observed from the electrondoped cuprate superconductor 16 Pr 1.3−x La 0.7 Ce x CuO 4 is also presented in Fig. 4b (inset) . Moreover, we have also calculated the angular dependence of Γ(k BS , 0) along the back side of the Fermi pocket from the antinode to the node, and found that its behavior is very similar to that of Γ(k F , 0). In Fig. 4 , it is obvious that the special structure of the experimentally observed electron quasiparticle elastic-scattering rate Γ(k F , 0) along EFS 16, 49 is qualitatively reproduced, where Γ(k F , 0) has a strong angular dependence with the strongest scattering appeared at the antinodes. It is interesting to note that the strongest electron quasiparticle scattering appeared at the antinodes has been also widely observed in the hole-doped counterparts 6,50-53 , indicating a common electron quasiparticle scattering mechanism both in the hole-and electron-doped cuprate superconductors. On the other hand, the weakest electron quasiparticle scattering does not take place at the nodes, but occurs exactly at the hot spots k HS , where the energy spectra ε 0kHS ≈ −ε kHS , and then E + kHS ≈ E − kHS ≈ ε kHS for the electron quasiparticle excitation spectra at the antibonding and bonding bands. In particular, the hot spot on EFS in Fig. 4 appears at 27 o of the EFS angle at the electron doping δ = 0. angle 16 . This highly anisotropic momentum dependence of the electron quasiparticle elastic-scattering rates (then the charge-order gap) on k F and k BS therefore suppresses heavily the spectral weight of the electron quasiparticle excitations on the contours k F and k BS in the antinodal region, and reduces modestly the spectral weight in the nodal region. This is also why the tips of these disconnected segments on k F and k BS assemble on the hot spots to form a Fermi pocket around the nodal region, leading to a coexistence of the Fermi arcs and Fermi pockets. At the same time, this EFS instability therefore drives the charge-order correlation with the charge-order wave vector connecting the parallel hot spots on EFS, as the charge-order correlation driven by the EFS instability in the hole-doped counterparts [25] [26] [27] [28] [29] [30] . In other words, the coexistence of the Fermi arcs and Fermi pockets and the charge-order correlation are a natural consequence of the highly anisotropic momentum dependence of the chargeorder gap originated from the electron self-energy due to the interaction between electrons by the exchange of spin excitations. However, despite the common physical origin of the EFS instability driven charge-order correlation both in the hole-and electron-doped cuprate superconductors, the position of the hot spots in electrondoped side shifts to the nodes with the increase of the electron doping, which is in a clear contrast to the holedoped counterparts, where the position of the hot spots moves towards to the antinodes when the hole doping is increased. This subtle difference therefore leads to that the charge-order wave vector in hole-doped case decreases with the increase of the hole doping 5, 6, 30 , while it increases with the increase of the electron doping in the electron-doped side 15 .
C. Quantitative link between single-electron fermiology and collective response of electron density
In order to see if the electron quasiparticle excitations around the hot spots determined by the low-energy electronic structure is quantitatively linked to the chargeorder correlation, we now discuss the collective response of the electron density. The dynamical charge structure factor C(k, ω) can be obtained directly from the imaginary part of the electron density-density correlation function as,
where the electron density-density correlation functioñ Π c (k, ω) is defined as,
with the electron density operator,
Substituting the electron density operator (13) into Eqs. (12) and (11), the dynamical charge structure factor C(k, ω) therefore can be obtained explicitly in terms of the electron spectral function (2) as,
It should be emphasized that in the obtaining above dynamical charge structure factor, the vertex correction has been ignored, since it has been shown that the vertex correction is negligibly small in the calculation of the density-density correlation of cuprate superconductors 54, 55 .
Intensity(au) To reveal the global feature of the charge-order correlation, we have mapped the dynamical charge structure factor (14) in the [k x , k y ] plane, and find that there are four resonance peaks, which appear always along the parallel directions [±Q HS , 0] and [0, ±Q HS ] of the Brillouin zone -remarkably similar in the directions to the resonance peak observed in the hole-doped counterparts [5] [6] [7] [8] [9] [10] [11] [12] . To show the parallel resonance peaks around the wave vectoe Q HS clearly, the result of C(k, ω) along the k = [0, 0] to k = [π, 0] direction of the Brillouin zone at the energy ω = 8.1J and the electron doping δ = 0.15 with T = 0.002J for t/J = −2.5 and t /t = 0.4 is plotted in Fig. 5 in comparison with the corresponding experimental data 15 obtained from the electron-doped cuprate superconductor Nd 2−x Ce x CuO 4 around the electron doping δ = 0.145 (inset). Obviously, an resonance peak in Fig. 5 appears in the wave vector Q CD ≈ 0.28, closely matching the experimental value of the charge-order wave vector Q CD ∼ 0.27 found in the electron-doped cuprate superconductors 15 . To confirm this resonance peak that can be identified as the presence of charge ordering, we plot C(Q CD , ω) as a function of energy in the wave vector Q CD = 0.28 at the electron doping δ = 0.15 with T = 0.002J for t/J = −2.5 and t /t = 0.4 in Fig. 6 , where the energy is tuned away from the resonance, the distinct peak in the wave vector Q CD = 0.28 is suppressed, and then eventually disappears, also in qualitative agreement with the experimental observation from the RXS measurements 14, 15 . This suppression of the resonance peak by tuning energy away from the resonance therefore confirms the presence of the charge-order correlation as the collective response of the electron density in the electron-doped cuprate superconductors. An explanation of the above obtained results for the collective response of the electron density in the electrondoped cuprate superconductors can be found from the single-electron Green's function (10) [then the chargeorder gap in Eq. (8)], which states a fact that the formalism of the single-electron Green's function (10) and the related electron antibonding and bonding energy bands E + k and E − k can be also reproduced qualitatively by a phenomenological Hamiltonian,
In particular, this type Hamiltonian has been usually employed to phenomenologically discuss the relationship between the EFS instability and the charge-order correlation in cuprate superconductors [26] [27] [28] [29] , where the EFS reconstruction is due to the emergence of the chargeorder correlation, and then the original EFS is broken up into the Fermi pockets and their coexistence with the Fermi arcs, in qualitative agreement with the experimental data. This is why our present study based on the t-J model in the fermion-spin representation can give a consistent description of the charge-order correlation in the electron-doped cuprate superconductors. In other words, our present theoretical results also show why the qualitative feature of the charge-order correlation observed from the experiments can be fitted by using a similarly phenomenological Hamiltonian (15) .
IV. CONCLUSIONS
In conclusion, within the framework of the t-J model in the charge-spin separation fermion-spin representation, we have studied the microscopic origin of the chargeorder correlation in the electron-doped cuprate superconductors. We evaluate the electron self-energy in terms of the full charge-spin recombination, and then employ it to calculate the electron spectral function and the dynamical charge structure factor. In particular, we qualitatively reproduce the experimentally observed electron quasiparticle elastic-scattering rate along EFS, which is highly anisotropic in momentum space, and is intriguingly related to the charge-order gap in the electron's band structure. Although the scattering strength appears to be weakest at the hot spots, the stronger scattering is found in the antinodal region than in the nodal region, which therefore leads to that EFS shrinks down to the disconnected segments located around the nodal region. In particular, the tips of these disconnected segments converge on the hot spots to form the Fermi pockets, generating a coexistence of the Fermi arcs and Fermi pockets. Moreover, this EFS instability drives charge order, with the charge-order wave vector that matches well with the wave vector connecting the hot spots on EFS, as charge order in the hole-doped counterparts. However, in a clear contrast to the hole-doped case, the charge-order wave vector in the electron-doped side smoothly increases with the increase of the electron doping. Our theory also shows that there is indeed a quantitative link between the single-electron fermiology and the collective response of the electron density. Incorporating the present result with that obtained previously in the hole-doped counterparts 30 , it is thus shown that there is a common physical origin for the charge-order correlation both in the hole-and electron-doped cuprate superconductors.
